A detailed modeling study of the relationship between the various oceanographic features of a cyclonic eddy located at the ice edge off the coast of northeastern Greenland and the eddy's effects on the propagation of acoustic energy is presented. The effects of the eddy on acoustic propagation as a function of location, depth, and frequency of the acoustic source and depth of the receiver for nominal frequencies of 50 Hz and 1 kHz are discussed. Significant differences sometimes greater than 20 dB in the acoustic field were observed for variations in any of the source and receiver parameters. The sound speed structure of the eddy makes propagation loss and acoustic modes very dependent on direction and location. A significant finding is that the interior environment of the eddy can generate a frequency dependence on propagation loss so that 1 kHz sustains a loss as much as 20 dB smaller than does 50 Hz, i.e., dispersion phenomenon. A similar propagation loss anomaly was observed and appears to be due to a combination of marginal ice zone (MIZ) fine structure and interference patterns created by reflections from the sea surface. Such an anomaly can exist in the MIZ with or without the eddy environment. Both of these frequency anomalies are a function of source and receiver depth. Low-frequency (50 Hz) energy in the presence of the eddy can experience stronger downward refraction and thereby possibly suffer greater bottom interaction than high frequencies (1 kHz). As compared to the noneddy environment, propagation in the presence of the eddy, for any of the source and receiver depths studied, can result in changes in the levels and distribution of energy in the acoustic field by more than 10 dB as well as changes in the mode of propagation of some rays (e.g., refracted/surface-reflected to refracted/refracted).
This paper reports on a modeling study of acoustic propagation through one of the ice-ocean eddies observed during MIZEX in the central part of the Fram Strait between Svalbard and Greenland. The first section of the paper considers environmental observations of the ice-ocean eddy selected for the acoustic modeling. The succeeding sections cover the effects of the eddy on low-frequency acoustic propagation, both across the entire eddy and from the center of the eddy outward. The effects of the location, depth, and frequency of the acoustic source and receiver depth are also discussed. Finally, comparisons are made between the acoustic fields produced by various locations of the source.
The influence of the eddy on acoustic propagation can be expected to vary with the oceanographic features of the eddy as well as with the relative geometries of the source and receiver, the source frequency, and the direction of propagation. These factors are addressed in the following sections of this paper. Figure 1 the region where a temperature of 3.5øC or as much as 10 to 15 km/d with the mean current. Eddy life higher exists has been shaded to help identify the warm center was at least 30 days. An inspection of satellite imagery for of the eddy, especially along the sea surface. Of note in the both the Greenland Sea and the Barents Sea shows the exisfigure is the cold water at the sea surface overlying warmer tence of a very dynamic eddy field along the ice edge for all water to the east and west of the warm center. Note also the seasons. This implies that ice-ocean eddy phenomena must be domelike pattern of the isotherms directly below the warm included in acoustic studies of these regions. center. This pattern extends to within 25 to 50 m of the sea surface at the warm center. Extensive horizontally layered, fine 3. AcousTIC EFFECTS structure can be seen at depths of < 50 m. Two widely used but essentially different models of acoustic Three representative sound speed profiles are presented in propagation in the sea were utilized for this study. The models Figure 2 . The full-scale profiles for three locations are given are a ray theory model (Germinating Ray Acoustic Simulation on the left: one profile for each of the extreme eastern and System, or (GRASS) and a wave theory standard parabolic western edges of the eddy and one from the warm center of equation (PE) model. Both range-dependent models assess the the eddy. The three profiles are very similar in overall shape, effects on acoustic propagation of environmental changes of although significant differences exist above 500 m and es-ocean bottom depth and vertical sound speed structure as a pecially above 100 m. Profiles for the upper 200 m are given function of horizontal position. See Kuperman [1985] for a on the right in the figure. Extensive fine structure can be seen survey of acoustic propagation models. on the western and eastern profiles. Horizontal gradients of 15
The ray theory model [Cornyn, 1973] was used to obtain m/s occur. As will be shown in the next section, these gradi-ray diagrams that yield an informative physical picture of the ents have significant effects on acoustic propagation. acoustic field and allow interpretation of propagation loss cal- For all ray diagrams, the rays between + 89 ø and -89 ø are plotted, and the increment between rays at the source is 1 ø. Nominal source frequencies of 50 Hz and 1 kHz are used in the study. Attenuation due to absorption in sea water is included in the GRASS and PE models and is therefore included in the results.
For every source depth investigated in this paper, receiver depths were investigated for 10, 25, 50, 100, 150, 300, and 1000 m. For brevity, typical results for these receiver depths are presented. In general, the results for all receiver depths produced gradual transitions between those presented.
Propagation Across Eddy (Source Depth of 300 m)
Initially, an acoustic source located in the water at the western edge of the eddy and at a depth of 300 m will be con-
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Ray tracing, west to east, for source depth of 300 rn and eddy environment. Representative sound speed profiles. An indication of the dependence of propagation loss on receiver depth when the eddy is present is given in Figure 6 . The loss curves shown in this plot were generated by the PE model for a 50-Hz source at a depth of 300 m. Propagation is west to east, and receiver depths are 10, 100, and 1000 m. In general, the shallower the receiver depth, the higher the loss. This results from the warm center of the eddy's restricting the amount of energy reaching the shallower depths. The difference in loss is as much as 10 to 20 dB between the 10-m and 100-m receivers and can be even greater between the 10-m and 1000-m receivers. The loss levels for the 10-m receiver may also be partially due to interference patterns in the underwater acoustic field created when the 50-Hz energy interacts with the sea surface (surface decoupling). The second CZ for the 10-m receiver shows slightly lower loss than is experienced in the first CZ. This is a result of the second CZ's occurring in the range interval with lower near-surface temperatures, as can be seen in the isothermal plot of Figure 1 The ray diagram for a source at a depth of 300 m located at the eastern edge of the eddy is given in Figure 7 . Propagation is east to west with the eddy present. In general, the acoustic field is very similar to that generated for west-to-east propagation; however, some important differences do exist. First, a shallow, SOFAR-type, secondary channel (between 100 and 200 m in depth) exists in the west. This channel is caused by a temperature inversion that occurs in this depth interval and can be seen on the eastern sound speed profile in Figure 2 
Propagation Across Eddy (Source Depth of 10 rn)
West-to-east propagation with the eddy present for a shallow (10-m) source located at the western edge of the eddy is illustrated by the ray diagram of Figure 9 . For this source depth, ray theory predicts a surface duct that continues until it is obliterated by the warm center of the eddy at a range near 45 km. Energy can be seen to be leaking from the duct over this range interval due to changes in the thickness of the duct. The energy that leaves the duct is refracted at depth and returns to the surface at longer ranges. Some of this energy from the duct and other source-refracted energy approaching the surface from below the warm center are forced to vertex before reaching the shallower depths.
The corresponding propagation losses, with and without the eddy present, are given in Figure 10 for a receiver depth of 10 m and frequencies of 50 Hz and 1 kHz. Surprisingly, the 50-Hz energy experiences far greater loss than does the 1-kHz energy over the entire range of propagation, primarily owing to the inability of the surface duct to contain the energy in the 50-Hz wavelength. The duct is about 46 m thick at the western edge of the eddy; hence the cutoff frequency for transmission is about 575 Hz [Urick, 1983] . The oceanographic feature responsible for this duct is the colder, horizontally layered, fine structure in the 10-m depth interval at the western edge of the eddy, which is too small to contain the 50-Hz energy.
In Figure 1 it can be seen that the temperature at the 10-m source depth is about 0øC, while just 10 m below the source the temperature is • 3øC. Thus in a very short travel distance, the 50-Hz energy enters the influence of this warm water and a very strong downward refracting gradient. In addition to generating a surface duct, the colder, horizontally layered, fine When the eddy is present, however, the environment will change with range as well as with depth. The energy propagating outward from the source at the 10-m depth will enter the warmer surface interior of the eddy, thereby increasing the downward refraction, relative to the noneddy case. This will be especially true for the 50-Hz energy, which enters the warmer interior of the eddy at a range of less than one wavelength from the source. The 1-kHz energy, however, must travel a range equal to 20 of its wavelengths to reach the same gradient.
As is shown in Figure 10 , the surface duct for the 1-kHz energy when the eddy is present continues out only as far as the first CZ, as was previously seen in the ray diagram of Figure 9 . As before, the influence of the warm center of the eddy on the 1-kHz energy is evident by the sharp increase in loss at the position of the warm center. When the eddy is not present, the surface duct for the 1-kHz energy continues over the entire 110-km range.
In the CZs the 50-Hz energy has greater loss than the 1-kHz energy both with and without the eddy present. This difference is due in part to the lack of surface duct energy and surface decoupling losses; it may also be due to a greater interception (and thus loss) of 50-Hz energy by the ocean floor. As cited earlier, this results from the stronger downward refraction experienced by the 50-Hz energy. For ranges in the interval between the first and second CZ with the eddy present, the 1-kHz energy continues to have a smaller loss than the 50-Hz energy, even though the surface duct does not exist at these ranges. Energy leaking from the duct and being changed into refracted/surface-reflected (RSR) propagation modes, together with a better coupling of 1-kHz energy into the SOFAR channel, contributes to the 1-kHz signal at these ranges. The improved coupling into the SOFAR channel for the 1-kHz signal reduces the downward refraction effects caused by the eddy. For the second CZ and ranges beyond it, the 1-kHz signals receive the additional contribution of energy refracted from the dissipated surface duct at the eddy's warm center and converted into RSR propagation modes. This effect was seen in the ray diagram of Figure   9 . Note that the relative difference between the 50-Hz curves when the eddy is present or absent varies considerably over the range of transmission. At some ranges, the eddy decreases the loss by up to 10 dB; at other ranges, the eddy increases the loss by up to 10 dB. Most often, however, the eddy has had the effect of increasing propagation loss relative to the noneddy case. 1-kHz energy now suffers higher losses over the entire range of transmission as a result of attenuation and the loss of both the fine structure duct and the refraction generated by the fine structure. In addition, the effect of the eddy on the 1-kHz energy is to now increase loss at these depths compared with to an increase in the thickness of the duct (from 38 to 82 m) the noneddy case. This is a result of the improved coupling of within 17 km from the source. For the 50-Hz energy, the energy into the surface duct, yielding a reduction of energy additional downward refraction caused by the interior of the available for these deeper receivers. The 50-Hz signal contineddy results in an increase in loss (compared with the noneddy ues to sustain an increase in loss when the eddy is present, as case) over more range intervals than there are decreases in it did for the 10-m receiver, for the same reasons. These reloss.
lationships also continue for a deeper receiver of 1000 m, as The levels of the 1-kHz and 50-Hz signals over most of the can be seen in Figure 21 . Thus the frequency dependence of width of the first CZ in Figure 19 are similar for both the eddy the acoustic field generated by the fine structure, surface deand noneddy cases and result from the improved 50-Hz trans-coupling loss, and eddy environment is a function not only of mission cited above. The second CZ for the eddy case yields the source depth but also of the receiver depth. decrease. This increase is due to energy being refracted below the depth of the receivers and/or an increase in bottom interaction. The exception to this occurred for a shallow (10 m) source located in the relatively warmer water to the east. For this case, the energy propagating west initially encounters colder water that decreases the downward refraction and makes the loss smaller than that in the noneddy case. For 1 kHz, the interior of the eddy caused a decrease in loss over more range intervals than an increase. Exceptions to this occurred (1) when received energy from a surface duct or channel that existed without the eddy was dissipated when the eddy was present and (2) when the insonification of a surface duct improved with the presence of the eddy, resulting in a reduction of energy reaching receivers located at depths below the duct.
A significant finding was that eddy fine structure can generate a frequency dependence for selectively affecting propagation loss so that 1 kHz yields a loss more than 20 dB smaller than does 50 Hz. This result was produced by fine-scale refraction gradients and surface ducts. Such fine structure existed extensively in the upper 100 m, suggesting that ambient noise generated by the ice floes located at the edge of the eddy and/or circulating within the eddy might exhibit such a frequency dependence. Similar fine structure exists in ocean frontal zones and other eddies, indicating that the anomalous frequency-dependent propagation loss may also occur there.
In summary, the presence of an ice-ocean eddy and its unique structure significantly affects many of the characteristics of the acoustic field. The close proximity of these eddies to each other and the ice edge, their large numbers, and their ubiquitous nature all indicate that they can be a very important factor in acoustic propagation in the marginal ice zone.
